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ISABSTRACT
The phenomenology of two atmospheric high-explosive detonations were calculated
theoretically. The first was a 20-short-ton spherical charge of TNT (loading
density--l.56 gms/cc). The second was a methane-oxygen mixture (mole ratio 1 to
1.5) contained in a 55-ft-radius balloon. Both detonations took place at an
altitude of 670 meters (ambient pressure 13.6 psi) with a reflecting surface
85 feet below burst point. The calculations, taken out to 300 milliseconds after
detonations, were performed by using SAP, a one-dimensional Lagrangian hydro-
dynamic code and SHL"L-OIL, a two-dimensional pure Eulerian hydrodynamic code.
Volume II of t'is repcrt contains the details of the results in graphical form.
Included are pressure and density contours, velocity vector plots, and wave forms
for 19 test stations.
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SECTION I

INTRODUCTION

The Air Force Weapons Laboratory is engaged in a series of tbeorotlcsl

calculations of the phenomenology of atmospheric nuclear weapon datomat4oas.

These calculations are based chiefly upon a series of large computft code", to

enable prodiction from essentially first principles, of the phewommology from

micrcseconds to minutes after a detonation. The purpose of this undertaking is

to provide a best thtoretical pict,- of the phenomenology of atmospheric deto-

nations for use in radar and re-entry vehicle vulnerability studies.

Three main codes are used in this program: SPUTTER, a one-dimensional

radiation transport Lagrangian hydrodynamic code; SAP, a one-dimensional

Lagrangian hydrodynamic code; and SHELL, a two-dimensional Bulerian hydrod-amia c

code. The first, SPUTTER, takes the radiative output directly from vaxpons

design calculations, deposits the energy in air, and calculates the radiative

and hydrodynamic growth of the fireball to a time of about one second. It uses

a multi-frequency transport scheme involving typically 20 frequency groups. The

output of this code is used as input to SAP, which calculates the hydrodynamic

expansion of the shock wave et various angles to the horizontal. This calculation

can proceed to great distances so that ev m the shock on the ground can be

estimated, but it is chiefly Lmport? .t in the strong-shock region of interest

in i/V vulnerability. The output of SFUTTER is also used as input to SHZZLL,

which calculates fireball growth and rise to late times. !!ýe output of chese

codes is processed to give the desired oservables such as pressure, temperature,

and velocity.

The first shot so calculated - BLs ILEILL, a high-altitude detonation of the

DOKINIlC-FISHIOWL nuclear test series. This particular shot was chosmn because

of the extremely fine field data available on it. The calculation, completed and

repcrted (Ref I and 2), agreed vith the field iata to within experimental err,

and so has given considerable confidtnce in these codes Zo sA,.aulate atmospheric

detonations.

In support of DISTANT PLAIN pre-shot planning. SAP and SADEL wre modified

to calculate the phenomvwl!t of atmospheric RE detonation2. A "burn" routine

was included in SAP to provw4 le the initial conitions fo, the calculation of

1 I
S. . .. • .i • i: ... ... .. . . _ _ _ _,_ _._ _
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Wrodynimic shock Srov h. besines providing the inItial conditions and pre"sure-

ditawce cw-vts, output from SAP me also used as Inrut to SHELL, which calculated

the two-dtmemsonal pbsomenia such as shock refla-ti an, mach stem formation, and

triple-voint Path.

There were two calculations each with a different energy source. The first

me a 32-Wort-tns soprIcal cbsxg of TNT detnated at a height of 26 ,.ý ters

whlch we 670 moters above e level. The second was a 23.2-short-ton aphert:val

chag.• of msthame-oxygm mized i• a mole ratio of 1 to 1.5 detonated at the ease
kwiglt as the T3IT.

Zoth calculations wttre rum on SAP and SL.a.L, usirg SAP output as initial

coaditios for the S -ELI, calculation. The main features of the output are rom-

pared Lu as great detail as poesible, and the hydrodynamic quantities are plotted

for a large nIber of tlsee I- Volume II.

I
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SECTION II

THE SAP CODE

SAP is a one-dimensional Lagrangian hydrewynamic code. It gets -'ti name

(Spherical Air PUTF) from another AFWL one-ldimensioul Lagrangian hydrod'namic

code, PU•T (Ref 3 and 4) from which it evolved. PUFt in turn evoived from the

LRL, Livermore, SIL4RP program. (Ref 5.)

SAP is not a genetal one-dimension&1 code brt has been speclallred to prob-

lems of atmospheric blast in order to increase its speed and accuracy-. Written

in the spherical coordinate syster, it can calculate hydrodynamic shockb at any

angie to the horizontal. It has s capability of over 1000 tones art iR noiually

run without an autooetic rezone. The mesh is rezoned periodically, ccw.bining

zones "by hand" when necessary.

Other features of SAP are:

a. Padiation loss ia possible, i.e., a zertain amount of eaergv may be
removed from every zcne, each cycle, b- a sutroutine that d&.ermines the emission

rate as a function of internzl energy and denufity. (For the calculations reported

hL;e, this option was not used.)

b. A "continuous burn"'i zt -tine based on Chanom-Jovguat theory kas

developed for SAP. This routine rivides the conditions existing in the gaszý*us

explosive products at the Ir.tart the detonation ver-e reaches the surf-e or the

ex.plosIve charge. 2ýbh coaditions providt more realistic starting cunedItions for

the blast calculation thats an isothermal si. which is more appropriate as a

starting condition for a himulatt2I nuclear burst calculation.

c. Shocks a-e caicclated in the Von Feur-nn-Richtbet'r mankr. SAP

contains provisions for the v, e of a linear a#- or quadratic a .tficial viact..ity.

d. S" uae a rtal atmosphere that is stabil under an .- 1 Xr•-ity fl•id.

dan *quation of state for air thict is an emV.rica! fit to H-lsenrath*s data

(Ref n and 7).

3
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The tquations stolved in SAF art the partial differential equations frr

nonviscous, nonconduc•.ng '-cnpressb).e fluid flow written in Lagrangial form.

These equationw, including the equation of state are:

Mass

I +-)o 1U 0 (1)

Maentum

/au\ + /lD\~
t ag 

(2)

Ener&Z

+ V (3)
Xon1 fI 0

Equation of State

p a p(P,I) (4)

where p - density in gms/cm3

u - elocity in cm/sec

p - prescure in dynes/cn2

I -,pecific internal energy in ergs/gM

V - specific volume in cm3 /gm
i /p

s - energy source in ergs/gm/sec

x - Eulerian coordina.;e -L. cm (position of a point of fluid relative to

some external reference frame)

x a Lagrangian coordinate (permanent lable attached to each moving point

of fluid)

g - acceleration due to some external body force in cm/sec 2 (e.g. gravity)

t - time in second6

and where the subscripts above denote what Is being held constant in each

derivatile.

.he finite difference approximations to the above equations, Is used in SAP,

are obtained in the usual manner. The fluil is divided into a mesh of fluid

eLer•e•n . 'Prescureb, denzities, and specific internal energies are defined at

zone centers. Vc1ocities aud positions sre defined at zone bouudaries. See

figute I4
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Figure 1. The SAP Mesh.

Tiie finite difference" e[uatione are explicit time and space centered equations.

The time centering is achieved in an explicit scheme by defining the velocity

and coordinates of the mesh points a half cycle apart in time. The finite dif-

ference equations are written:

Momentum
(n+11n) (n-/ (n) (- (n-1/2

(n+1 2) (n 1/224) ((Pn 12 P x1 ) + (q 1-/ -1~ 2 )._Uji2r (n) {X(n) _ (n)• + (n) /(n) x(n) +
IPJ-1I2 \ .I -1 x•I+jI2\J+1/ " x. 1

Atn'' 1 2 ) + At(n'I12 )
"2 (5)

Transformation
(n1) (n) + (n+1/2) A(n+1/2)

j lnz j ajXx +UA (6)

Coitinuity ( 3 3

(n+1) a-1-/2[ I (-7)"J-1 _ n1(n+1)) (7)

"J-1/2 =J-1/2 - P1 - P2

2- (n

PJ-1/2

(8)

(n+li2) At(n+1/2)+J-1/2 Ati

I::
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rt at ot State
P(01l) /(n+l) I(U+I)• (9)J-1/2 = tJ-1/2 J-1/12

where the energy equation is the simultanvous solution of the first 1low of thermo-

dynamics,

(n - 1/2 +0 + p(n))dV (10)

and the equation of state,

p~(n'i) -)( (n(+1) ( ) (Ul)

and where
p2-p (On+l). 1(n)) (12)

p" p (P (n+l) I~n) - p(n)d4) (13)

Sea reference 4.

VV

S I The artificial viscosity term is given by

P "Au (-clca + (Co) 2 Au) if a <• 0

Sand (14)

if v> 00 •
au

or >• 0
;:h.i-h in finite difference form becomes !

(-+1/2) J /(n+1) (n+1/2) (n+1/2; [.. S () +]+ c 2 u7+1/2) (n+1/2
andJ-1/2$ J1/2 j J

1-1/12/

l (15)

if & (n+l) .(n)) (n+1/2) <(n+1/2) 0!, if V J-1/2- v- J - un1/2) -0 a1d<0

: ~(rn-1/2) o
Sand qj.1 0

If ( J-l/2 -Vj-1/2 > 0 or J- u1 >_ 0 (16)

II
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where cs is the local sound speed, c1 is the coefficient of linear viscosity

(- 0.5), c is the coefficient of quadratic viscosity (-1.8). The subscripts

(J'z) above are the La£r•ngian coordinates aa6 the sup~rscripts (n's) refer to

time such that t(n+l) . t(n) + At(n+1/2).

The SAP calculation advances explicitly in steps or cycles. That is, the

zone quantities are calculated for the next time in terms of those at the present

time. The order of calculation proceeds in the same sequence as the finite dif-

ference equations are presented:

a. A time step is calculated such that At(U+1/2) is the minimum of all

x -x
xj + - and At(n-1/2) (Ref 3)

2cb cs + 2c 0 
2 1FuI + cs

b. The momentum equation is solved.

c. Transformation is accomplished.

d. q (n+112), are calculated.

e. The energy equation is solved.

f. p (nl),s are calculated.

g. Edits are performed if desired.

SAP being a Lagranglan code enjoys all the advantages and suffers all the

disadvantages characteristic of Lagraugian codes. Fine resolution is possible,

since those regions requiring -fine resolution retain their fine zoning since the

coordinate system moves with the fluid. For this reason fine resolutior is found

in shock regions. However this is at the expense of resolution in rarefaction

regions. The motion of material interfaces is also closely followed, since

coordinate lines can be placed along them and will forever follow them.

Burn

The phenomenon of dctonation from the time of its discovery, has been

theoretically treated on the basis of shock-wave theory. Earliest observations

of this phenomenon found that the fundamental property of detonations is that

the detonation wave, for a given initial state of explosive substance or mixture,

is propagated through that substance or mixture with a constant velocity. This

property has been explained by Chapman and Jocguet whose work has resulted in a

hydrodynamic theory of detonation.[

7j
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Startiig with th.e experimetal tact that detonation is a stable and sta-

tUinry process (being sustained by the energy of chemical reaction), they have

shown that the detonation velocity is the minius of all possible velocities for

stationary conditions of propagation of a chemical reaction by a shock wave.

That state, corresponding to the uinizun value of velocity, has several interest-

ing properties: the entropy has a minluim value on the Uusoniot curve and a

smime o the straight line in the p-v plane, which Joins the corresponding

point to the Initial point, po, vO. The detonation velocity in this state lot

equal to the sam of the velocity of the burned gas and the velocity of sound in

Therefore, based o-n -Oe above properties of a Chapuan-Jouguet detonation,

a "burn" routine was written r SAL. Two methods of "burn" were used, both of

which gave excellent results. In te first, the theoretical detonation velocity

and the energy released per gram of "plosive substance are entered as input

numbers. Then

R(n+l) -(n) + DAt (n+1/2) (17)

"Al - (Rn)(n (18)

where R a radius of the detonation wave in cm

D - detonation velocity in ca/sec

At a time stop in sec

AI - energv released during the time step in erga

P a density of the cell which is currently being "burned" in gms/cm 3

k - index of cell currently being "burned"

Q - energy liberated during detonaL ion in ergs/8a

In the second method only the energy released per gram of explosive substanc.

detonated is entered Ps an input number. When the transformation calculation is

performed the radius of the detonation wave is similarly jpdated:

j(n+1/2) -(n+1/2)

I - •(n) + [ /2) + %-I (n) (f))] At(n+1/2) (19)(n+ (n.+ ) k-i
'k 'k-1

Then the new radius of the detonation wave and the energy released is

! Ji calculated:

-- .-. -. - -,.,.,



AFWL-TR-66-141, Vol. I

R(n+1) + csAt(n+I/&) (20)

"[(n<+,,)3, W3,,1n<+,>
* -~jki Q (21)

where ca is the sound speed in the burned gas.

Therefore, the sequence of calculations with "burn" becoems:

a. Calculate t(rrt/2)

b. Solve the momentum equation for all u(n+I/2)

c. Update the Eulerian coordin~es: X *U+l)- x(n) + u(n+1/2) t(n+1/2)

d. Calculate R as shown above if method 2 "burn" is used.

e. Calculate the new radius of detonation wave.

f. Calculate energy released due to the detonation of material in this
time cycle and add the energy to the cell.

g. Solve the energy equation.

h. Calculate the new pressures from the equation of state.

i. Go to a and begin next cycle.

This sequence is followed until all the explosive matter hao been detonated.

Then the calculation becomes a "pure" hydrodynamic calculation.

9*
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SECTION III

TH CODE

UILL is a versatile two-dimensional hydrodynamic code. It can be used to
solve ptblems In amy editum whose otions can be analyzed on the basis of

Inviscid hydrodynmic behavior of a cylindrically symmetric, compressible fluid.
Some typical problems are: hypervelocity Impact, craterinS, vehicle re-entry,

end detonations, undertromd, underwater, and in the atmosphere. A model and an

equation of state for the medium of the problem are required by the code.

The Air Force Weapons Laboratory has two versions of the SHELL coce. Both

were developed at General Atomic by b, E. Freeman and W. E. Johnson primarily

for hype ocity Impact calculations. The codes were modified at APWL to

calculate tirsball rise and expansion.

The first and older of the two, SHELL-PIC, uses the Particle-in-Cell Method,

developed by F. H. Harlow (Ref 8) at Los Alamos in 1955, to solve the hydro-

dynamic equations.' The second, SHILL-OIL, is a continuous version of SHELL-PIC.

Since early 1963, development of SHELL-OIL has been continued by J. M. Walsh and

W. E. Johnson.

SHELL-PIC and SHELL-OIL have been in use at AFWL since 1961 and 1964,

respectively.

In the folloving pages only SHELL-OIL will be described, since it was used in

the calculations reported here.

The equations solved in SHELL are the partial differential equations for

nonviscous, nonconducting compressible fluid flow. These equations, including

the equation of state ar-

Mass

U +- 'v) + + 0V'u 0 (22)

LeAwntum

Equat ion of State p + p(+,-) (25)

10

,S•• •.



AFWL-TR-66-141, Vo'l I

vnere p E density in gos/cm3

velocity in cm/sec
p " pressure in dynes/cN2

E S specific total energy in ergop/S

-1 + 1/2 u2

I E specific internal energy in erse/gm

t = tine in sac

"* S potential of external force field it ergs/p

a. SHELL-OIL

SHELL-OIL is a one material, pure Eulerian code. It solves the hydro-

dynamic equations by dividing the region occupied by the fluid into a mesh of

fixed cells. The fluid is then described at any instant of time by specifying the

velocity, density, and internal er Tgy for each cell. These values are considered

to be known at the center of each cell end constant over it. This forced homo-
geneity of the cell introduces a false diffusion, one disadvantaqge of Sula~rian €odes.

'4
Other disadvantages of SHELL-OIL are the general inability of Rulerian

codes to resolve fine detail moving with the fluid, since the meah Is fixed in

space and the inability to follow material interfaces. However, kilerian codes

enjoy the major advantage of being able to solve the bydrodynamic equations even

in the presence of large fluid distortions.

To begin a SHELL-OIL calculation, the problem msot first be generated by

CLAM, the generator code for SHELL. CLAM sets up the mash, giving each cell dimen-

sions and the following quartities: a radial and an axial velocity component, a

mass, and a specific internal energy.

The cell quantities are derived from data entered in groups of packages. I
These data include the type of material, dimensions, velocity components, density,
and specific internal energy of the package. To describe as many geometries and

energy, density and velocity distributions as possible, CLAN places N2 particles .

into each cell, where 1 < N < 20 and is also included in the package data. Each

cell is divided Into N2 equal part, and a particle Is placed at the center of each

area. Taking this package data, a fit assigns each particle two velocity co*-

ponents, a density and a specific internal energy. Then the mass of each particle

ts computed: the density times the volume of that part of the cell containing -

the particle. The mass of the cell is the sun of the masses of all the particles

in the cell. Both momentum components are calculated as the sun of the Ividual

momentum components of each particle in the cell. The Internal energy of Alrh

___ li-



ecu, is the am of the internal energi~es; of all, the particles in the cell.

Viaallys these cell quantities are coo-.srted to two velocity components and

specifi leInternal emery.

1Us geemetries available In CLAN &rot rectangl, triangle, ellipse, per-

tUrhe el1ipse sd circle. These geometries are in the r-a plane sand take their

3-divla'imds countarpartt upon rotatiLm about the z-ax is.

After all packAmge hove been processed. CLAN puts all cell dimensions and

*quantities am tape. (If CLAN were generating the problem for a PCOLL-PIC calcu-

latiorn. the coordisates sad measses of each particle would also be written on this

tape.) Tbis output provides the starting conditions for the SHELL calculation.

Simse LML-OIL is a one material code, an option to insert masslass trace

partlelee Into the problem haa been included in CLAM at A1FIL. The purpose of

these trace ýsrticlae is to follow the detailed notion of a labeled material, to

simulate the motion of a Lagrang~.an interface, or both. Therefore, the CLAN

output also Includes the coordinates of these trace particles on tape in addition

to the cell quantities and dimensions for a SHEL-OIL calculat ion. These trace

particles do not affect the hydrodynamics In any manner.

T. $L calculation advances explicitly in steps or cycles. That is,* the
cal quntiiesare calculated for time t + Ait in tents of those at time t. The

cellqutinoftiteshdoyai equations is divided into two phases. In the first,

Ot oran ~ad fncion ae udaedconsidering prsueefcsalone,

vale* neglecting material traasport due to fluid motion. In the second phase,

continuous mass flow across cell boundarribs, new call densities, velocities, andj specific internal eeergiea are calculated. Mass, soenctum, and total energy are

conserved. If mass flows out of the mosb, an hutomatic rezone Increases the size

There are three time control conditions thiut govern the time step, Aýt. They

a. The courant coadition

b. Th. eaimisms of and ( an

c. A negative tine step option

The* first two conditions prohibit the tranmisosion of a signal or masse'scross

oore than coc cell in mne time interval. This requairesnt is imposed Ly coo-

sideratioco of stability of the finite difference equations (Ref 8). The third

condition will he dtscuss4.d !)elow.j - 12
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After a tine ster has been determined, SHELL performs the first phase of theI
hydrodynamic calculation vhere the Eulerian description of the fluid it advanced.

This is done according to a finite difference approximation to the hydrodynamic

equations, Eq 22, 23, and 24,

ConservatfMn of mass (Eq 22) is automati•-.ly satisfied by the fluid model.

Mass, which leaves one cell, enters another and the chane in mso is accordingly

subtracted from the donor cell and added to the receiver cell. Maos is neither

created nor destroyed.

teConservation of momentum and energy, (Eq 23 aund 24), is treated as follows:

the first phase considers the fluid at rest and deteraines only the contribiL.ioj

of the pressure terms to the time derivative. Therefore, the transport term

(second term on the left-hand side) of each equation is dravped. Since the

hydrodynamic quantities are defined at the cell centers, the equatios in

finite difference fora become:

Momentum ( Un) 1 l (n) - PR (n)

u() fr A(26)
k

(n) 1 P(n) - a)
V(n) vz ft (27)

SoPk

Eaerity) ~ ()W Pk VB~) VA u+ 9
) + (n) 6

r + rTI 2

where P k + PkL P k + Put
PL- I l--

2 2 !

PB PAk+ k Pk + PkA j
PA - " -i -

2 2

v + V V + V
k kB k kA

VA-
2k -) + k(r"

UI.V + r, +

and k is the i-dz -of the cell center sad i is the index of the right-hand

bo•ndary of -cell k. See figure 2. 1
Tuo passes. in tuccession, are asde through the first phuse of c.alculation of

each cycle. In ib.e first pass, tentatioe new values of veloctty &re*.alculaLsd
13 -
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for a f11 time step. The intermal energy is updated by half a time step. using

On .1d velocitiee. In the second pass. the internal energy is updated another

half-tiae step. .ssift eh tentative new velocities calculated in the first pass.
SThe. equa'tion is treated in this famshon, as proposed by Barlow (R•f 6),

freom ewideraeties of stability as well as gratest accuracy in the behavior of

fl"dI ea-v . The emer of the system is commerved identically, even in the

flmits differewe approach.
Is both psw% te lunermal enrg t checked to 9"If teudt ed value

asbecme ative. If it has, an optiou exis• s to Integrate back to the

origlma cofLiguration of the fluid at the beginning of the cyc le by using the

~I•ative At. Tih. the integratimg goes forward again with a ller At vhich

ha been caleulLated aid which will keep the internal energy positive.

KA

K. K KM0 L

[ R-

I is the right boundary vf cell k
j is the top boundary of call k

UA is the cell above *11 k

etL. rijure 2. T*he SHELL esh.

la th• &*coc4 phase of the hydrodynawc calculatio- , costtmsmso mass trans-

port is ,:alulated according to tb- equation for the conser-'.io ol mass, vhich

in f, difference form is:

A" ri-o2 ri-p2A + (29i

1-1 11
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This can be rewritten to the folowing form, which is used by the code,

+ (1') [r i - ri.1B"B - ;TP:T + 2Az r 1-1iLL r iCR"R/J

Where v mBas flux across bottom face of cell K

vTPT :mass flux across top face of cell K

ULPL = mass flux across left face of cell K

ue. -mass flux across right face of cell K

and where the eensities are t .-ze of ttie donor cells and the velocities are

.1/2 + V

M Kj

i K=( + K)

w.here M sivau2ies the index of the donor cell. The velocity welighing zcheme used

above is one that en:.ures stability in regions behinc a shock front (Ref 9).

When mass zransport is being calculated for P given cell, the transfer at
Sthe left and bottom faces is alrezidy available from the pretisous co.unm s"

and cell '_.low, respectively. Therefore, for a particular cell, the mass trans-

port is calculate4d for the top ana right faces unly. After the masseo trar. -

ferred at all faces of a cell have been deteerined, :he owenta Avd the total

.i f I energy associated with thes,_ masses are computed. Ther., 1y conserving

both axial ard radia" no.-enr. the new v___ir__ ir calculated. Trhe Intz!

ynergy clirrled by the transp%;rted masses is stztrracted 'row t u• do~,r cel and

Added" -o the receivcc i eU. Then, by conserving tý'tal er.riry, the 'ew interna'l

energy of ea-h cec. is the U•.terence between -'he -;w. total el.-rgy an, tf'e neu:

kinetic e.--er:.. The s :pteific ite.n-,nal Pnergv is the nes internal cnfrj;"

V k

k. II

U + +~* '

S. .. .. . ... ., _ ._•vk " w~~~t .sr + .•)"
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(++ l/2n + AM + l2 +

(~~~ )[fI + /(2+ý

'k\

+ MJN + l ( + '&M2] T/4 +) (34) ý2)

Whets WH MV A ,nd MR are the masses, in gis trarsferred across the bottom,

left, top, and right faces of cell K, respectively, and where the quaititie5

enclosed in hackets and subscripted by M are ..he specific total energies of the

donor cells. The above are the firal values of velocity, mass, &nd specific

internal energy for the cycle.

if any masi leaves the top, right, or bottom* boundaries, thac mass and the

associated energy are 4ubtracted frL,.i the total mass and energy of the system
rispectIvely. if the mass leaving the r-sh --'s a cevtain percentage of the mass

of the cell from which it left, a flag is set to rezone the system. Additional

flgs are also set to indicate whether the top, bottom, and rignt boundaries,

or any combination of these three, of the mesh have been crossed.

The automatic rezonr Oor SHELL-OIL has been developed at AFWL. In Lexone,

a predetermined number of colusins and or rows, depending whether the top, bottom,

and or right boundaries have been crossed, are deleted. The remaining cells are

expanded in size to fill the original geometry of the mesh. The mass oi each

expanded cell is the sum of the mnasses of those portions of the original cells

which make up the new c.,li. By conserving momentum and total energy, new

velocities and incernal energies of rhe ntw cells are calculated. Then the same

number of columns, rows, or both, that heae previously been deleted are now added

"to the -nesh thus regalning the original ,umber of cells. Ambtent conditions are

give,. to these added cells Th" calculation is then resumed.

The calculation of mass transport ir SHELL-OIL has anc,-her feature that
r-oves preferential transfer caused by initial choice of indexing. IU the mass

There is .lso an option for a reflective bottom boundary as was use,, in the
"al lation reported here.

16

- _ _ _ _



AFW,.-TR-66-141, Vol. I

out the top and right would remove more than the mass in the call, the code

recalculates new mess transfer by a weighing procedure. Tbe A would be its

fraction of the total mass out times the mass of the cell and ANT would be Its

fraction of the total mass out times the mass of the cell. That is,

AMT- (35)
A MT + A p 6M (M1 1%)

"MR (ýn)
Am~t AML+ Z'(36)

In this calculation AML and AMB are considered zerm if they are flowing into cell

K so that thR maximum mass that could flow out the top and right is X n). However

"AML and W Rre flowing out of cell K, the cell in committed zo deliver this

mass and so the maximum mass that can flow out the top and right is + AML

S+ WM (whe:e AML and AM are negative signifying flow ir negative direction).

After the final velocities for the cycle have been dererm~ned for all the

cells in the mass transport phase of the calculation, trace particle movement

is calculated. The trace particles play no part in the hydrodynamics of the

system but are merely moved to new p4siftions according to

x a x0 + J'At (37)

Y " Y0 + v'At (38)

The velocit:es used to move each particle are the local velocities at the location

of the trace particle. They have values which are interpolated between the velo-

cities of the cells whose centers surround the partirle. The velocities are

obtained by assuming a rectangle with the same dimensions as a cell to be located

around the particle. This imaginary cell overlaps from one to four mesh cells,

depending on the position of the partl-le in the mesh cell. Then the interpolated

velocity is calculated as the weighted average of the cell velocities, the w.igh-

t• ing being proportional to the overlap areas. Hence the hiotion of the trace
• particles follows the motion f materila, or a Lagrangiin interiace, depending

on how the particles were originall; placed in the problem, and gives a picture

of the flow pattern. After all trace particles have beer. moved, tCe calculations

for the cycle have been completed, and the next cycle begivs with the determina-

tion of a new tI"ne step.

17
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b. Stability

The EuleriLan equations used in the first phase of the calculation are

unstable, sinc, they do not conta'In the dissipative mechanism necesnary for aI

finite difference tethuique to calculate shocks. Since shocks appear as mathe-

attical barfaces an which auth fluid properties as density, pressure, internal

energy, and entropy have disc.ontinuities. suitable boundary conditions (those pro-

vided by the Ranklne-Rugoniot equations) are needed to c..ana4. ý, values of th'.

above quantities on both sides of the shock. However, Von Neumann and Richtmeyer,

(Ref 10.), have shown that the hydrodynamic equations can be straightforwardly
solved by numerical metbods if an artificial dissipative term is introduced,

This term smears the shock so that the surface of discontinuity is replaced by a

thin layer in which the above quantities vary rapidly but continuously. Hence,

the numerical calculation proceeds as if there were no shock at all and at the

same time sacisfying the Rankine-Hugoninýt conditions.

The itatability of the calculations in the first phase introduces the main

source of enxrcey loas in the entire calculation. However, stable celculations

can be made~ by SbZLL, since errors introduced in the second phase have the effect

of smoothing ot~t the discontinuities.

Harlow (Ref 8) has shown that the treatment of mass movement in the s~econd

phase of the calculation produces dissipative effects that give stability to the

calculation. He demonstrated this by expanding the difference equations in a

Taylor series about some central space and time. The result was the original

differential equations plus some additional terms thnt, in lowest order, have

the appearance of true viscous and heat conductiin terms. Hence th-ly are called

the effective viscosity rend effective heat condtiction.

Conservation of Mass

IL+ 8(rpu) +I
at O~r (3Z

%lot,-ervetion of Mamentum-- direction

au ar Or~ rX 'u + ~av a) (40).

Conservation of Momentum--z direction

PLv ar av +) +P (r (41)

h 18



AFWL-TR-66-141, Vol. I

Conservation of Enery]

+ a a +( p av17 + v r azJ[(2]

where +AaU) + (42)ra u i/2pz 5uiI krr

UX - 1/2pIvlAz

However, Bjork (Ref 11) has shown ti~at any attempt to relate the terms

appearing on the right-hand side of the equations above to distinct physical

effects leads to many contradictions. Some are: the "effective viscosity" terms

contain symmetric and antisymmetric elements; the e :igin of the symmetric elements

is not viscous in nature; the presence of the antisymmetric elements just adds

confusion to any attempted representation; the terms dc not leave the flow

equations in an invariant form; a heat conduction law is Implied where heat flow

is proportional to the gradient of specific internal energy rather than of

temperature. Moreover, the values of these terms far exceed the magnitude of

j the analag',us physicai terms. Therefore, these terms cannot be thought of as

anything en;cept errors, but they do make SHELL a practical code.

The form of the effe-itive viscosity suggests another limitation of the SHELL

code. Since the viscous effects are proportional to the local mean fluid speed,

in regions of low fluid speed the viscosity will become ineffective and the

instabilities of the difference equation will cause an exponential growth of any

perturbations to the solution. But as the velocities increase and become com-

parable to the local sound speed, the viscosity again takes effect to limit

further growth of Instability. Hence, the instability is bounded and calculations

can be uade. This effective viscosity is the main source of entropy production

L• in the calculation.

19
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SECTION IV

THE CALCULATION

"The calculations reported here were performed on the CDC-6600 computer. Code

development, calculation, and output analysis (plotting) required approximately

100 hours of computer time.

1. Sz-TU!

The SAP-TNT calculation was taken from 0 to 0.534 second. Initially, 800

zones were used. The first zone had a Ar of 0.12 ca, and the other 799 had Ar

of 0.5 ca. The first 327 zones were TNT (32 short tons*). The initial condi-

tions were: density-1.56 gm/cm3, internal energy--O, velocity--0. Beyond these

327 zones, the remaining zones were the ambient atmosphere (670 meters altitude).

"Burn" method 1, as described previously, was used to detonate the TNT. The

detonation velocity (corresponding to a loading density of 1.56 gms/cm3) used

was 6.81 x 105 ca/sec. The energy released per gram of TNT detonated was

4.264 x 1010 ergs/gm (Ref 12).

The LSZK equation of state for the detonation products of TNT (Ref lZ) was

used for the TNT zones that were '"urned." For the unburned TNT, a compressional

equation of state, which is.an analytical fit to the Hugoniot for solid explo-
sives, was used.

2. TNT-SHELL

SAP results at 6.62 milliseconds were scaled to 20 short tons of TNT and

used as input for the SHELL caiculation. As a result of scaling, the SHELL

starting time became 5.66 milliseconds The SAP values for density, specific

internal energy and velocity were fitted into the two-dimensional SHELL mesh

containing a real (1962 standard) atmosphere.

A mesh 156 cells in the z-direction and 142 cells in the r-direction for a

total of 22,152 cells was established. All cells except the bottom row of 142

cells comprised the active mesh. Each cell in the bottom row was 644 meters

high and 30 cm wide. Each cell in the active mesh was a 30-cm square.

This particular charge was chosen to save calculation time, since it was
directly applicable to a proposed surface detonation of a hemispherical charge
of 20 tons of TNT (assuming 20 percent energy loss to the ground) and scalable
to Distant Plain event one.

20
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Therefore, the overall mesh extended from sea-livel to an altitude of 690.5

meters and out to a radius of 42.6 meters; ard the active portion of the mesh

from 644 meters (ground-level) to an altitude of 690.5 meters and out to a

radius of 42.6 meters. The bottom boundary (ground-level at 644 meters) was

reflective; whereas, the top and right boundarios were transmittive and thus

subject to rezone in their respective dive!:tions. The left boundary (r - 0)

was the axis of symetry.

Data were entered into CLAM in t o packagus. each of which generated 25

particles per cell for the sole purooAc of fitting the data into the SHELL mesh.

The first package fitted the cmbient atmosplmere into the active mesh with the

exception of those cells containe& 'n a sphere whose center was op the x-axis

at an altitude of 670 meters and whose racius was 16.55 meters. Into these cells

the second package fitted the S,.P tesults of velocity, density, and Internal

energy at 6.62 millisec-Vds (5.66 as scaled).

Trace particles we5.e introdu:ed into the calculation in order to follow the

TNT-air boundary. A .agrangian interface of 921 particles was place•. in a semi-

circle to simulate tie TNT-air boundary. The center of this circle was on the

z-axis at an altitude of 670 -Deters, and the radius was 14.188 meters.

Also introduced into the calculation were 19 "test stations" where the over-

pressures, dynamic pressures, impulses, and velocities were calculated L.r each

cycle. The positions of these "test stations" were chosen to coincide with

experimental stations. See table I and figure 3.

The equation of state used in the SHELL calculatlon was that of air, the same

equation of state for air as used in SAP. This equation of state was used f!r

all regions including those regions that contained TNT.

3. SAP-Methane

The SAP-methane calculation was taken from 0 to 1 second. Initially 800

zones were used in the calculation. The first zone had a 6r of 6.4 ca, and the

other 799 had Ar of 5.0 ca. The first 335 zones contained the methane balloon

(initial radius: 16.764 meters). The initial conditions were: density- j
8 1.07197 x 10-3 gas/cm3 , internal energy--2.1886 x 109 ergseI/, velocity-0.

Beyond these 335 zones, the remaining zones were the ambient atmosphere (670

meters altitude).

21
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Table I

POSITION OF TRE TEST STATIONS

taut.AltitwitI lma. -.. " kti•

Statiou Meters (Feet) Meters (Feet)

1 0 0

2 7.62 (25) 0

3 15.24 (50) 0

4 24.38 (80) 0

5 38.0 (125) 0

6 50.0 (164) 0

7 63.8 (209) 0

8 78.0 (256) 0

9 93.3 (306) 0

10 26.0 (85) 2.8

11 38.0 (125) 2.8 (9)

12 50.0 (164) 2.8 (9)

13 38.0 (125) 7.6 (25)

14 50.0 (164) 7.6 (25)
15 63.8 (209) 7.6 (25)

16 50.0 (164) 15.2 (50)

17 63.8 (209) 18.0 (59)

18 78.0 (256) 15.2 (50)

19 28.0 (256) 22.8 (75)

22
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"BWum" method 2, as described previously, was used to detonate the methane.

The emergy released per Iram of methane-oxygen mixture detonated was 8.01 x 1010

ergS/gm (Ref 13). The detonation velocity calculated using "burn" method 2 was

V2,A3 x 105 cm/uec, as compared to a theoretical 2.752 x 105 cm/sec (Ref 13).

The Ideal gas equation of state was used for the burned and unburned methane.

For bured methane, the value of gsima used was 1.2136, while for unburned methane,

the value of gams used was 1.3986 (Ref 13).

P-methane rasults at 8 milliseconds were used as input to SHELL. The SAP

values for deity, specific internal energy, and velocity as & function of posi-

tion were fitted into the two-dimensional SHELL mesh. The geometry and boundary

conditions were the sam for the methane calculation as for the TNT calculation

previously describe.J.

Data were entered into CLAM in two packages, each of which generated 25

particles per cell for the sole purpose of fitting the data into the SHELL mesh.

The first package fitted the ambient atmosphere into the active mesh with the

exception of those cells contained in a sphere whose center was on the z-axis at

an altitude of 610 meters and whose radius was 20.21 meters. Into these cells,

the second package fitted the SAP results of velocity, density and internal energy

as a function of position at 8 milliseconds.

Again trace particles were introduced into the calculation to represent the

methane-air boundary. This Lagrangian interface consisted of 921 particles placed

in a semicircle whose center was on the z-axis at an altitude of 670 meters and

whose radius was 17.0 meters.

"Test stations" were introduced in the methane calculation. The location of

these 19 stations were the same as for the TNT run. Again overpressures, dynamic

pressures, impulses and velocities were calculated each cycle at these points.

See table I.

5. LSZK Equation of State (Ref 12 and 14)

Landap. Stanyukovich, Zeldovich, and Kompaneets have developed an equation

of state for the explosion products of a condensed explosive. They treated the

highly compressed gas as a sold, likening the state of the dconation products

immediately follnwing completion of reaction, to the crystal lattlze of the

solid state. Further details concerning this equaticn of state are given in the

above menti:ned references.
24
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The LSZK eq-.%tion of state can be vzitten

where p a pressure As dynesncm2

I - specific internal energy in erga/gom

so a dimensionless constants evaluated
using experimntal~ results

5 constant with dimenions (IML"3) I -v also to be evaluated from

experinental results.

Lutzky (Ref 12) gives the values of the above constants for TNT as

- 2.9412

BIQ -0.5356 -

v - 2.78

where 0 - 1018 calories/p is the heat of detonation and the ideal gas value for

the ratio of specific heats of the products at low densities was taken to be

Y, a 1.34.

This equation of state, as used in SAP for TNT, becomes

p - 0.34 IP + 1.877 x 10A002.7$

6. Equation of State for Air

The SAP and SHELL equation of state for air is a fit derived by APVL (Rof 7) 1
from the data of reference 6. Since tOie codes use energy and density as the

independent variables and are pure hydrocodes, the only requirement on the equa-

tion of stste is pressure as a function of energy and iensity. It is common to

consider an effective gam, which is I + P/vI. The equation ef state returns

(Yeff - 1) from which is onstructed the pressure. The region of interest of SAP

and SHELL is chiefly molecular air and therefore thc detailed equation of state

is q, te complicated. The pr'esent equation is a fairly complex formulation that j
gives all of the structurýe of this molecular region althouh not always withI

extrt*ely high accuracy. The portion of the qatimon of state of interest in this I

problm is the 10-2 to 10" density reg$on below 2 , 1 0 11 ergsig. In this region I

* the fit is almost always vit!.,n 5 percent vith an avei-ag er.-or of about 2 or 3 f
percent. It is however an interim equation anO will he Tiplaced soon by a more i

accurate formulation. The amalytic expressiot of this equation of state is given

belcw. I ie specific energy in units of jerks!uegagram or 10'0 ergs/go. j

25
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7. Atmosuher ic " de1

The SILL-OLL 4k-ospbheric Li was hiso derived by AWVL from data contained

in reference 15. T. perforu hydrodiavic calculations in th.. atmosphere, the

atmosphere must be very stable, otbhrvý-.- the firs* phase of the calculation wiil

result In fictional vertical velocitiea. Thi' , -dItioo is givien Sy the hydio-

static equation

j di

f The atmosphere is divided into 22 ,ilt1uttde groups from 0 to 700 k(m iher .the

selecular tpe~rature varleb approximately linearly vith alt..,Ae wnithir, ctch

group. That is

T(z) -T + L(. - )
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vhý2re the subzero values refcr tc the bane altituO' of each group. Then by us Iri
the followin.g relationehips;

S(Z)) - P (z)
RT(z)

and &2
g(z) -

the hydrostatic equatiov becomes
d[p(z)] g o N'c a2 dz

p kz) R a 4 z)a l T -+ i L

where a the radius of the earth

g " the acceleration due to gravity at .ea level.

N 0 the molecular weight of air at sea level0 j
and k the gas constant

Integration ot the above between z and z0 reiuits in the final form, uhich is

used to iiterpolate "ressures in an altitude group

-oM a2 T M 7 Z

'.n-P . - o0 U
PO (a L (a 4 :(a + zo)

Lz2 2 • + T z +
+ (t 0 )o f

0

+ L + z T

To calcalate the defining properties of the model atmosphere, the pressures at

the bare point of each altittue group and the molecular t•perature .t sea level

w•e• taken as constants. Then, st~rt:ng at sea level, an iterative prccedurv

was .*;sed to f'% the nolecular trletprature gradient, L ('.-mj in the -1r-t alti-

tode group. Using L, thus determinvi, the -olecular t.peratu-e of the kaSe

point o' ",. 7cxt altiýudle gr.'tp was calculated. Then tie iterative proceeure

was again us-ed Lo de-eruine L for the seond jdtitade g:oup aItI' this ret',niqte

the defining properties for the atmospheric model stable urnder the li/k gra&,,ty

field vere detruaiaed. The fiac: results are given. in t&.ie II.
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Table II

DEFlNING PRO.ERTI- S OF THE AFWL STANDARD ATMOSPHERE

MoleculAr scale
Altitudz 1eumperatutc Gradient Pressure

z(Km) Tm (-K) L ('K/cm) p (Jy1es/cm2 )

0.0 288.1500 -6.492636 - 10-5 1.01325 x 106

11.0 216.7310 -1.842590 x 10-7 2.26999 x 105

2C.0 216.5652 9.959301 x 10-6 5.52930 x 104

32.0 228,5163 2.723233 . 10-5 8.89063 x 103

47.0 269.3648 5.002971 x 10-6 1.15851 x 10 3

52.0 271.8663 -2.051281 x l0-5 6.22283 x 102 I
61.0 253.4048 -3.760658 x 10-5 1.96917 x 102

79.0 135.7129 -8.818089 x 10-6 1,24420 -- 101

90.0 176.0130 3.936&8l x 10-5 1.64380

100.0 215.8779 3.882705 x 10-5 3.00750 x 10-1

110.0 254.7051 1.134533 x 10-4 7.35440 x 10-2

12U.0 368.1590 1.927120 - 10-4 2.52170 x 10-2

15, 0 946.2950 1.803651 x 10-4 5.06170 x 10-3

Au.vcý. 116.6600 6.716274 x 10-5 3.69430 , 10-3

170.0 1193.8230 8o753717 x 10-5 2.79260 x 10-3

19C.0 13b8.8970 4,u47483 x 10-5 1.68520 x 10-1

230.0 i510.1970 4.605377 x 10-5 6.96040 x 10- L

300.0 1853.1730 2.825029 I0-5 1.88380 - 10-4

400.0 2135.6760 3.127025 x 10-5 4.03040 x 10-5

500.0 2448.3780 1.135442 x 10- 5  I.C'570 x 10-5

600.0 2561.9230 1.695913 x 10-5 3.45020 x 10-6
700,0 2731.5140 .,1.19180 x 1-0-6
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SECTION V

RESULTS

The output of both SHELL and SAP consists of values for pressure, velocity,

density, and specific internal energy for each zone, every cycle. However, the"e

quantities are recorded on outp-it tape at selected times only.

To present this output in the nost compact form, the quantities on the

output tape eye processed by a separate code that generates plots of the above

variables. SAP plots consist of profiles cnly. SHELL plots consist of histo-

grams, contours, and velocity vectors.

The overpressures, dynamic pressures, impulses, and velocities recorded at

the "test stations" were also plotted as a function of time for each station.I' Following normal procedure, SHELL and SAP peak shock pressures were extrapo-

lated to find a "best" value for these quantities. This is usually necessary

since numerical methods smear the shock over several zones, The extrapolation

procedurei for SAP and SHELL were developed based on a comparison oi results of

SAP and SHELL calculations, of a 1-KT detonation at sea level with the classical

Taylo: solution of a strong blast wave resulting from an intense explosion.

Further comparisons in both strong and weak shock regions were made with the

1959 blast curve ýRef 17), which has been accepted to represent the experimental

data from a I-KT nuclear free-air burst at sea level. !*. was found that SAP peak

prsssures should be extrapolated to that radius where the maximum artificial I
viscosity occurs. This procedure holds for both strong and weak shock though for

strong shocks the extrapoiated pressures are not significantly different from
the unextrapolated ones. It was also found that SHELL peak pressures should be

extra-p!st& to th4- ._alius ccrrespoiding to 1/2 the peak overpressure for

strong shocks (above 3 atm overpressure), but for weak shocks, the actual cal-

culated peak pressure should be taken at that radius corresponding to 1/2 the

peak overpressure. See figure 4.

The above procedures were used to extrapolate SAP and SHELL peak overpres-

sures for the methane and TNT detonations. The extrapolated overpressures are

plotted vs. radius and appear in figures 5 and 6.
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1. TNT

The following discussion of results of the TNT calculation applies to a

scaled 20-short ton detonation. J
The detonation wave in the SAP-TNT calculation reached a self-similar state

very quickly with a peak pressure of 1.83 x 1011 dynes/cU2 . It reached the

surface of the TNT at 0.2048 milliseconds. As the shock eicountered the air,

free expansion commenced. The peak pressure began to drop and a rarefaction wave

started into the detonation products, toward the center. fleanwhile, the free-

air shock was building up. The rarefaction wave reached tae center at 0.6 milli-

seconds. At this point, the detonation products were "cold" and much more denme

than the atmosphere surrounding them. However, the detonLtion products had high

velocities and so acted like L piston pushing the atmosphe e. A second shock
formed in the detonation products just inside the TNT-air interface. It had a

velocity smaller than the velocity of the interface so the second shock worked its

way into the detonation products. However the net motion ;as still outward. At

16.3 milliseconds, the kinetic energy of the detonation pri ducts had dissipated
to such an extent that the second shock began to move inwvi .i towards the center.

Meanwhile the main outward moving shock as calculated by SAP, had reflected

off the surface of the earth at 13.36 milliseconds, with an lucident overpressure

of 140 psi, and a reflected overpressure of 730 psi. SHELL shows that after the

main shock has proceeded along the ground for approximately ono burst height

(85 feet), the mach stem begins to form.

At 34 milliseconds the second shock reflects off the center and proceeds

outward. It reflects off the ground at approximately 84 millisetonds with a

reflected overpressure of 19 psi. This shock is very weak and is quickly dis-
sipated. There are also other very weak shocks which are barely niscernable.

ii

The SHELL-TNT calculation indicates reflection of the main shock at the
ground at 13.6 milliseconds with a reflected peak overpressure of 720 psl
(extrapolated).

An auriliary SAP calculation was performed, using the same SAP conditions

which served as input to the SHELL calculation. (These conditions were deli-

berately chosen at a sufficiently advanced time when the density and internal

energy of the detonation products were cotoarable to that of air.) For this

run, the equation of state for air was used in all regions: both TNT and air.

The purpose of this auxiliary calculation was to see whether there would be
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s ificant differences, at these later times, between the results of a calculation

using the LSZ. equation of state for thk TNT zones and those from one using the

equation of state for air for the TIT zones. The results ot this calculation

shored no disceruable difference in peak pressures or arrival times. Therefore,

going from a two equation of state SAP calculation to a one equation of state

SRLL calculation me justified. See figure 7.

2. Methane

The detonation wave i.n the SAP-methane calculation reached a self similar

state very quickly with a peak pressure of 3.5 x 107 dyneslcn 2 . It reached the

surface of the balloon at 6.3 millieeconds.

As the shock wave hit the surface of the balloon, a second shock vaa reflected
toward the center from the relatively higher density ambient air. This shock

soon dissipated and the rarefaction wave started toward the center. The rare-

faction wave reached the center at 18.2 milliseconds. The rarefaotion was

followed by a reflected shock which reached the center at 30 ms.
meanwhile the main outward moving shock has reflected oft the ground at 14.2

milliseconds with an incident overpressure of 7.43 x 106 dynes/cU2 (108 psi).

For this value of incident overpressure theoretical relationships give a re,lacted

overpressure of 3.77 x 107 dynes/cm2 (550 psi).

The second shock reached the ground at 62 milliseconds with a reflected over-

pressure of 25 psi. This shock is very weak and quickly dissipated.

The SHELL methane calculation indicated reflection of the main shock at theI ground at 14.4 milliseconds with a reflected peak overpressure of 580 psi

(extrapolated). "rom this time on, t!p two-dimensionai phenomenology is similar
to that for the TNT.

During the methane calculations the peak overpressures for :itations 5 and 6
were lost. The loss of these peaks affect only the overpressure vaveform and

overpressure impulse for these stations. All other parameters are unaffected.

The overpressure plots which appear for these stations (5 and 6) have onl" those

points which were dumped on output tape to replace the missing points. The

appendix to this report contains summary plots of information contained in the

detailed plots of Volume 1I.
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3. Com•ar:• of the Methane and TNT Results

Both runs were made on identical grids, the only difference being the input

conditions from the SAP calculation. In both cases an interface of crace

particles was placed at the gas-air interface.

This interface brings to light the first notable difference in the

calculation. The high density TNT expanding into the low density air ;ives rise

to Taylor instabilities at the interface. These can be clearly seen on the TNT

plots. Since the methane-oxygen mixture has nearly the sane density as air, the

above condition does not exist, and in fact is not seen in the calculation.

The overpressure for TNT Ct a radius of 16.8 meters is less than that for

methane at the sane radius. At a radius of 26 meters the TNT overpressure exceeds

that of the methane. This is due to the somewhat larger kinetic energy of the

TNT shock.

Although the peak pressure and peak dynamic pressure of the TNT shock are

greater than that of methane to a radius of 14 meters, the impulses in both

cases are larger for the methane than for TNT. This means that the shock from

methane to much thicker than that of TNT.

S~36

M6

1*



I

AF.L-TR-66-141, Vol. I

SECTION VI

'OVNCLLU IONS

The UAP and SHELL codes have, in past calculations, reproduce-. the phenme-

nology of atmospheric blast both quantitatively and qualitatively. Results have '!

agreed with experixmetal data to within 10 percent. Therefore, there Is con- I

siderable confidence in the results reported here. li
As can be seen in figures 8 and 9 there is agreement between SAP and SHELL

overpressures, and both art irom 3 percent to 20 percent higher than Brode's
(Ref 16). The dynamic press-:-es, velocities end impulses are good to within I

5 percent. The calculated arrival time fcr station I agrees vith Brode's arrival i
time to within 2 oercent. I
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APPENDIX

This appendix presents a summary of the calculation in graphical form.

This information was obtained from the detailed Listory of the calculation con-

tained in Volume II.
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Figure 11. Methane-TNT Overpressures vs. Radius.
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